Carbon nanotubes (CNTs) are one of the most studied allotropes of carbon nanomaterials. The exceptional chemical and physical properties of CNTs make them potential candidates for several applications such as electrical, gene therapy, biosensors, and drug delivery applications. However, the toxicity of CNTs has been a major concern for their use in tissue engineering and biomedical applications. In this chapter, we present an overview of carbon nanotubes in biomedical and tissue engineering applications. We discussed various factors including impurities, length, agglomeration, and size of CNTs that cause toxicity of CNTs. Further, other toxic methods are also examined, and possible ways to overcome these challenges have been discussed.
Introduction
Amalgamation of nanotechnology with biomedical and tissue engineering offers an admirable opportunity for developing great nanomaterials that would significantly improve treatment and diagnosis of diseases [1] . It is also anticipated that the development and use of nanomaterials at industrial scale would be the driving forces for the emerging industries and economies. Carbon nanotubes are novel carbon nanomaterials, and they have attracted a wide range of applications due to their inimitable properties. Particularly, CNTs have the potential to modernize biomedical and tissue engineering because of their impeccable chemical, electrical, thermal, structural, and mechanical properties, which have made them as an area of great research interest [1] . CNTs exhibit semiconducting, metallic, and superconducting electron transport properties, and they also display high elastic modulus compared to all other nanomaterials. Numerous research studies have been conducted on the applications of CNTs in the biomedical and tissue engineering fields. Most specifically, CNTs have been used in a variety of applications such as diagnostic tools, biosensors, nanofluidic systems, radiation oncology, quantum dots, drug delivery, nanorobots, and nanosensors [2] [3] [4] . However, low dispersibility, toxicity, and solubility of unfunctionalized multi-walled carbon nanotubes (MWCNTs) have been the main concern for their potential use in biomedical and tissue engineering applications. Therefore, the interaction of CNTs with biological systems is very complex and unpredictable. Biological properties, performance, and behavior of CNTs have to be thoroughly understood. It is reported that CNTs exhibit different levels of toxicity based on their manufacturing method, shape, surface-area-to-volume ratio, concentration, size, composition, functional groups, applied dosages, and extent of oxidation [5] [6] [7] [8] . In addition, CNTs have the ability to damage the cell membrane and DNA due to their high hydrophobicity. CNTs can also extend their toxicity through protein synthesis, oxidative stress, mitochondrial activities, modifications, apoptosis, necrosis, as well as intramolecular metabolic paths [8] .
This chapter discusses the critical roles of CNTs in biomedical and tissue engineering applications. It explains synthetic methods and recent advances in the application of CNTs in bioimaging, drug delivery, biosensing, and tissue engineering applications. In the end, this chapter also encapsulates the surface chemistry, shape, size, and the route of synthesis of CNTs which can affect their toxicity levels (Figure 1) . At the end the mechanism responsible for CNS toxicity and potential remedies to overcome their drawbacks has also been discussed.
Synthesis of carbon nanotubes
CNTs exist approximately 1 nm in diameter and 1-100 μm in length and formed by cylinder-shaped graphite layers [8] . CNTs are mainly divided into two types: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). SWCNTs are formed by a single layer of graphene, and MWCNTs are formed by multiple layers of graphene (Figure 1a and b) . In addition, a variety of nanomaterials are reported including fullerenes, nanohorns, carbon nanobuds, carbon nanoporous, carbon nanopeapods, and carbon nano-onions [2, 8, 9] . Mainly three different techniques are used to fabricate CNTs such as the arc discharge technique, the chemical vapor deposition (CVD), and the laser ablation technique [2] . Cytotoxicity Evaluation of Carbon Nanotubes for Biomedical and Tissue Engineering Applications DOI: http://dx.doi.org /10.5772/intechopen.85899 First time in 1991, Ijima used the arc discharge technique to fabricate MWCNTs; later, metal catalyst was used in the same technique to provide the first SWCNTs [10, 11] . After that, the laser ablation technique was used by Thess to produce aligned SWCNTs [12] . Yacamán developed the catalytic growth of MWCNTs using CVD technique [12] . Further, cobalt (Co) catalyzed low-pressure chemical vapor deposition which was used on silicon oxide as a silicon substrate to produce Co-MWCNTs films and used as sensors to detect carbon dioxide (CO 2 ) [13] .
Pristine or unfunctionalized CNTs are highly hydrophobic and insoluble in an aqueous solution and organic solvents that cause great limitation for their tissue engineering and biomedical applications. Therefore, it is important to functionalize CNTs to make them hydrophilic and amalgamate into numerous organic solvents and biological systems [4] . Three main methods have been reported to modify CNT structures, namely, (a) the covalent functionalization (Figure 2) , (b) the noncovalent adsorption of many biomolecules, and (c) the endohedral filling of their inner empty cavity [14] .
CNTs in biomedical applications
CNTs show numerous unique properties that make them promising carbon nanomaterials for a wide range of biomedical applications. For this, the surface of CNTs can be functionalized with suitably biocompatible moieties. These moieties can interact with cell membrane receptors that can guide their cell internalization. These receptor-mediated methods can support in drug loading, inflammation, and minimizing toxicity [15] . Perspective of Carbon Nanotubes 4
Drug and gene delivery
CNTs have been used in several drug delivery systems for the treatment of many diseases. Anticancer drug-loaded CNTs have attracted much attention mainly in two strategies such as selective targeting and controlled release of drugs [15, 16] . It is reported that CNT-based anticancer drug was developed that could control the multidrug-resistant cancer cells without affecting cell cycles and proliferation [17] . Further, an anticancer drug, tamoxifen-loaded peptide-modified SWCNT, was developed that showed a high level of antitumor effect and proficient tumor targeting. SWCNTs successfully delivered acetylcholine (Ach) into the mice brain to control Alzheimer's disease [18] . Anticancer drug-appended MWCNTs have been used for effective breast cancer treatment and intranuclear drug delivery [19] .
In addition, functionalized CNTs have shown other advantages through covalent conjugation methods. For instance, functionalized SWCNTs with ester and amide enabled to sustain drug delivery and improved the solubility in aqueous and organic solvents [20] . Liposomes were covalently attached to MWCNTs that facilitated the delivery of large doses of the drug [21] . Peptide-based MWCNTs were also developed to deliver therapeutics into the target mitochondria to treat genetic disorders [22] . Some other functionalized MWCNTs have been used in the central nerve system (CNS) through neural tissue cell interactions [23] . On the other hand, noncovalent functionalized CNTs have been used in a wide range of medical applications that release the drugs in tumor environments at low pH and kill the cancer cells [24] . Polyethyleneimines bearing noncovalent functionalized SWCNTs were developed for effective gene delivery [25] . In addition, biomolecules including genes, DNA and siRNA, also can be loaded into CNTs. CNTs were functionalized with poly(lactic-co-glycolic) (PLGA) to deliver proapoptotic protein caspase-3 (CP3) into osteocarcinoma cells [26] . CNTs have also been used in in vivo gene silencing without any toxicity and induction of immune response. Polyethyleniminefunctionalized CNTs successfully delivered siRNA into the HeLa-S3 cells [27] .
Biomedical imaging
Biomedical imaging is a powerful tool that can provide high-resolution imaging of cells, organs, tissues, and even the complete body of animals or humans. Due to unique physicochemical properties, CNTs have been used in different biomedical imaging technologies [28] . There are three major methods such as fluorescence emission, photoacoustic imaging, and magnetic resonance imaging that can be executed on CNTs to detect the nanotubes in live cells [29] . It is reported that CNTs can be directed using external magnetic source toward a specific organ [30] . Surface modification, as well as the addition of elements to CNT structure, can provide a new perspective of the analysis of their performance. For example, by assembling different nanoparticles including quantum dots, gold nanoparticles, upconversion nanoparticles, iron oxide nanoparticles, PET imaging nanoprobes into CNTs enhancing their properties and wider of their applications [31] . Thus, biomedical imaging is a potential and easy platform to accomplish imaging of living cells in tissue engineering and biomedical engineering.
CNT-based biosensor
CNTs are highly effective sensing elements for biosensors due to their excellent electrical, tensile, and electrochemical properties; high surface area; and high exposure sensitivity to various biomolecules [32] . Specifically, their high surface-area-to-volume ratio has made them a potent tool to acquire fast biological species detection and Cytotoxicity Evaluation of Carbon Nanotubes for Biomedical and Tissue Engineering Applications DOI: http://dx.doi.org /10.5772/intechopen.85899 CNT-based biosensors which are frequently used in ultrasensitive biosensing applications [32] . In addition, enzyme biosensors are also one of the most important and commonly used biosensors (Figure 3) . For example, durable and stable tyrosinase biosensor was developed from functionalized MWCNTs, 1-butyl-3-methylimidazolium chloride (IL), and tyrosinase (Tyr) within a dihexadecyl phosphate (DHP) film, and improved response signal was observed [33] . 3α-Hydroxysteroid dehydrogenase was incorporated into CNTs/IL/NAD+ composite electrode to develop a biosensor that detected androsterone. Further, CNT-based enzyme biosensors were also used in the detection of glucose in the blood, and it is one of the potential applications of enzyme biosensors [34] . DNA biosensors are other famous CNT-based biosensors, and they have been used in medical diagnostics, forensic science, and several other applications. Single-stranded DNA (ssDNA) or double-stranded DNA (dsDNA) is the major sensing element of DNA biosensors (Figure 3) . It is reported that ssDNA is highly adsorptive to CNTs rather than dsDNA. For example, SWCNT-FET-based electronic DNA biosensor was developed and used in chip-on system applications [35] . Ultrasensitive DNA biosensor was developed to control DNA methyltransferase (DNA MTase) from MWCNT signal amplification and fluorescence polarization detection [36] . In addition, a glassy carbon-based sensitive DNA biosensor was fabricated to detect DNA sequencing using polydopamine (PDA), MWCNTs, and gold nanoparticles [36] . Thus, the inimitable properties of CNTs have made them a powerful tool for biosensing applications.
Tissue engineering applications
Tissue engineering is a new approach to fabricate artificial tissues for graft replacement and tissue models for in vitro diseases and drug discovery [37] . Maintaining proper electrical, mechanical, and biological properties of CNTbased biomaterials is a challenge in tissue engineering [38] . For example, CNTs have been used in a variety of tissue engineering applications such as enhancing electrical and mechanical properties of scaffolds, tracking of cells, sensing the cell microenvironments, and delivery of appropriate chemical and biological agents [39] . Development of CNTs bearing scaffolds for in vitro nerve generation opened a new route for neural tissue engineering. In fact, CNT-based scaffolds have been used to improve cardiac tissue growth, bone, and neural growth [40] . In cardiac and nerve growth, SWCNTs greatly improved the electrical properties of scaffolds, whereas in bone growth, SWCNTs enhanced the attraction of calcium cations [41] . Some scaffolds were developed and used for bone formation via functionalization of MWCNTs with fibroblast growth factors [42] . In addition, MWCNT-gelatin nanofiber scaffolds were used for myoblast (C 2 C 12 ) growth, and MWCNTs have improved tensile properties of the fiber scaffolds [43] . Thus, CNTs are used as a potential component for many biomaterials in tissue engineering applications.
Toxicity of CNTs
Many toxicological investigations of CNTs have been done both in vivo and in vitro; however, they are inconsistent to each other due to the variabilities in the type of functionalization, the synthetic method, and the dose of CNTs. In addition, a different type of cell viable indicator dye also contributed different cytotoxicity results. Some of the common indicator dyes are alamarBlue, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Coomassie Brilliant Blue, neutral blue, and water-soluble tetrazolium salt (WST-1) [44] . Several factors that contribute to the toxicity of CNTs include metal impurities, diameter, length, type of carbon nanotubes, surface functionalization, and existence of dispersant [36] .
Toxicological effect of CNTs has been studied; particularly, commercial and acid-purified MWCNTs and SWCNTs have shown a significant effect on toxicity levels. This study explained that commercial CNTs showed increased reactive oxygen species (ROS) that enhanced oxidative stress and decrease mitochondrial membrane potential. In contrast, acid-purified SWCNTs with less metal impurity showed less toxicity effect [45] . However, MWCNTs exhibited some toxicity at high concentration due to metal impurities [46] . Further, iron-contaminated MWCNTs presented improved CD8+ levels and CD4+/CD8+ ratio of peripheral T cell in mice models as well as increased ROS [46] .
The length of CNTs also showed a great impact on the toxicity of CNTs, and smaller CNTs are less toxic than long CNTs. Smaller CNTs can easily penetrate into cell membrane as well as the success of their cellular internalization, whereas long CNTs cause biopersistence or retaining [47] . Another study demonstrated that short CNTs were cleared from the pleural cavity, whereas long CNTs were retained [48] . Similarly, the retention of long CNTs (825 nm) has exhibited induced inflammation than small CNTs (220 nm) [48] . In addition, long MWCNTs (5-15 μm of length and 20-60 nm of diameter) showed more genotoxicity in alveolar carcinoma epithelial cells (A549) than smaller MWCNTs (1-2 μm of length and 60-100 nm of diameter) [49] .
Based on the structural characteristic, carbon nanotubes are divided into SWCNTs and MWCNTs. These CNTs differ in length, structure, and chemical surface. SWCNTs have a smaller diameter (0.6-2.4 nm), whereas MWCNTs have a larger diameter (2.5-100 nm) [6] . SWCNTs have a higher surface area that helps to form a bundle of CNTs. MWCNTs have a lower tendency to form a bundle due to lower surface area and their side walls [44] . Similarly, smaller size and length of SWCNTs form less aggregation of 5-30 μm that can easily phagocytosed, whereas longer MWCNTs generate larger aggregation around 300 μm, which cannot be phagocytosed [50] . The fibrous surface of MWCNTs and SWCNTs showed different mechanisms in the plasma membrane. MWCNTs caused toxicity due to the plasma membrane damage and aberrant phagocytosis, while SWCNTs initiated oxidative damage to cells [51] . As Cytotoxicity Evaluation of Carbon Nanotubes for Biomedical and Tissue Engineering Applications DOI: http://dx.doi.org /10.5772/intechopen.85899 a result, based on the various characteristics (size, aggregation, and surface state) of SWCNTs and MWCNTs, they exhibit a different level of toxicity.
The surface structure of CNTs can be modified by functionalization by introducing several functional groups. The functionalization enhances solubility, biocompatibility, dispersibility, and agglomeration of CNTs. The functionalization may be either covalent bonding or noncovalent binding [52] . Functionalization enables conjugation of various groups with CNTs that help in cell receptor binding as well as cellular processing and elimination. The use of biomolecules (proteins and antibodies) in conjugation strengthens the specific binding of CNTs to targeted biomolecules. In fact, functionalized MWCNTs with 220 kDa lectin protein exhibited apoptosis and reduced toxicity in J774A macrophage [53] . On the other hand, functionalized SWCNTs-COOH showed higher toxicity in the HUVEC cell line than pristine SWCNTs [54] .
The degree of toxicity of CNTs has a great influence on the type of physicochemical properties, size, shape, impurities, and functionalization of CNTs (Figure 4 ) [55] . Further, CNT-based polymer nanocomposites also developed and cytotoxicity was assessed with human cells. For instance, unfunctionalized MWCNTs were reinforced with ultrahigh molecular weight polyethylene (UMWPE), and biocompatibility was evaluated with human fibroblasts [5] . The results revealed that MWCNTs exhibited a positive influence on fibroblast cells. Therefore, several studies reported that cell membrane injury, oxidative stress, and genotoxicity are the possible mechanisms of CNT toxicity [36] .
Conclusions
Carbon nanotubes are a new class of carbon nanomaterials that have a potential in biomedical and tissue engineering applications including drug delivery, biosensors, biomedical imaging, and artificial tissue scaffolds. In order to decrease cytotoxicity and increase biocompatibility and physicochemical properties, CNTs can be functionalized with various biomolecules either covalently or noncovalently. © 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/ by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. Several investigations have made to study the relationship between physical and cytotoxicity properties of short-walled or multi-walled nanotubes. In vitro and in vivo biocompatibility of MWCNTs and SWCNTs have been effectively influenced by their functionalization, diameter, and length. It is also clear that the synthesis method and metal impurities of CNTs can influence the cell viability and interaction of CNTs with cells. Although many investigations have been conducted for the toxicological characterizations of CNTs in biomedical and tissue engineering, however, a complete understanding of internalization, cellular uptake, and gene expression changes linked with CNTs has still remained elusive. This understanding would be required for the future use of CNTs in biomedical and tissue engineering applications. 
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